A study was made of the wall pressure fluctuations in the reattachment region of a supersonic free shear layer. The free shear layer was formed by the separation of a Mach 2.9 turbulent boundary layer from a backward facing step. Reattachment occurred on a 20' ramp. By adjusting the position of the ramp, the base pressure at the step was set equal to the freestream pressure, and the free shear layer formed in the absence of any turning. An array of flush-mounted, miniature, high-frequency pressure transducers was used in the vicinity of the reattachment region to make multichannel measurements of the fluctuating wall pressure. Contrary to previous observations of this flow, the reattachment region was found to be highly unsteady, and the pressure fluctuations were found to be large. The overall behavior of the wall pressure loading is similar in scale and magnitude to the unsteadiness of the wall pressure field in compression ramp flows at the same Mach number. Rayleigh scattering was used to visualize the instantaneous shock structure in the streamwise and spanwise direction. Spanwise "wrinkles" on the order of half the boundary layer thickness were observed on thc shock sheet.
Introduction
The separation and reattachment behavior of compressible turbulent flows is of significant interest in the design of high speed vehicles. In particular, near points of separation and reattachment, a highly unsteady shock motion at frequencies below I kHz has been observed (see, for example, Dolling and Brusniak 1987) . The motion of the shock results in high amplitude pressure loads which can cause severe structural damage through fatigue. While past work has concentrated on studying the mechanisms of the shock motion near the separation point and on probing reattaching shear flows, few studies have concentrated on the flow behavior in the region of the reattachment point. In particular, issues still unclear include the physics of shear layer reattachment, the motion of the reattachment shock, the characteristics of the wall pressure loading in the reattachment zone, and the development of the flow downstream of reattachment.
To study reattaching flows, it is desirable to uncouple the reattachment process from the separation process. Communication between the separation and reattachment processes via the subsonic recirculating zone may distort our understanding of the reattachment phenomena (Hayakawa et al. 1984) . To overcome this obstacle, the current study used a model where the separation occurred in the absence of a separation wave. A "clean" separation of the flow provided a well-defined initial condition for examining the unsteady shock wave interaction formed in the reattachment zone.
In the flow examined here, a free shear layer and a large separated zone were formed downstream of a backward-facing step (Fig. 1) . The shear layer then reattached on an inclined ramp where the ramp position was adjusted so that no flow expansion or lip shock wave was present at the point of separation. In previous studies of this flow, Settles et al. (/982) and Hayakawa etal. (1984) made mean flow and turbulence measurements in the free shear layer and in the redeveloping boundary layer on the ramp. These studies showed that the shear layer became self-similar at about 18 initial boundary layer thicknesses downstream of the step, and that, for this Mach number, the shear layer grew at a rate typical of compressible free shear layers (about 1/3 the incompressible growth rate). On the ramp, the mean velocity profiles of the redeveloping boundary layer showed a rapid recovery and appeared to be approaching a state of local equilibrium similar to that seen in corresponding flows with the same non-dimensional pressure gradient, in the free shear layer, the turbulence measurements revealed an increase in turbulence intensity with streamwise distance reaching a maximum in the compression region just downstream of the line of mean flow reattachment. Downstream, the intensity decreased fairly rapidly, but the turbulence field was still far from equilibrium at the end of the measurement section.
The objective of the current experimental work was to study the characteristics of the wall pressure loading in the reattachment zone. Questions of interest were the degree of unsteadiness of the shock motion, the level of the pressure fluctuations in the reattachment zone, and the structure of the shock and its interaction with the incoming and outgoing turbulence. Measurements of the fluctuating wall pressure were made both upstream and downstream of the reattachment point. By examining basic statistics, spectra, and 3.3 mm space-time correlations, some features of the unsteady reattachment and recovery processes may be illustrated and discussed. Using Rayleigh scattering, it was also possible to visualize the instantaneous shock structure. These images shed some revealing light on the complexity of the shockturbulence interaction.
Experimental procedure
All tests were made in the Princeton University 203 mm x 203 ram, high Reynolds number, blowdown, supersonic wind tunnel at a freestream Mach number of 2.92 and a unit Reynolds number of 6.7 x 107/m ( Table 1 ). The wall conditions were near adiabatic, and the freestream turbulence level, ((0 u)')/O~ u~, was about 0.0075 (Selig et al. 1989 ). The test model, shown in Fig. 1 , consisted of a 229 mm flat plate followed by a rearward-facing step, a reattachment ramp, and a pair of aerodynamic fences to ensure flowfield two-dimensionality. The backward-facing step was 25.4 mm high. The ramp was 160 mm long and was inclined at 20 ~ to the horizontal. It was adjusted so that neither the pressure nor the flow direction changed when the boundary layer separated from the step. The entire model was mounted away from and parallel to the tunnel floor. The incoming boundary layer developed on the flat plate, with transition occurring naturally within 30 mm of the plate leading edge, so that at the point of separation it was representative of a fully turbulent, two-dimensional, self-preserving, boundary layer. The boundary layer thickness at separation, 6o, was about 3.3 mm. The distance x was measured in the downstream direction along the ramp face, with the origin at the leading edge of the ramp. Baca (1981) and Settles et al. (1982) give further details of the experimental configuration.
Pressure measurements
Measurements of wall pressure fluctuations were made with four miniature, high frequency, differential pressure transducers (Kulite Model XCQ, Kulite Semiconductor Products, Inc. Ridgefield, New Jersey). Each transducer consisted of a fully-active Wheatstone bridge atomically bonded to a 0.71 mm diameter silicon sensing diaphragm. The sensing diaphragm was located 1.9 mm below a screen which protected the transducers from particle contaminants. The four transducers were mounted streamwise, 5.05 mm apart, and offset from the centerline by 2.54 mm. To minimize any interference effects on the flow, each transducer was adjusted to be flush with the wall, less than 0.002 6 o . Each transducer-A/D converter link was statically calibrated at the tunnel operating temperature. The calibrations were linear, and throughout the experiments the slope remained constant within 1%. Tests in a shock tube shown that transducers of this type have dynamic calibrations only a few percent lower than calibrations obtained statically (Hanley 1975) . Simultaneous signals from each transducer were initially amplified at a gain of either 500 or 1000. Using a fourth-order Butterworth filter (Ithaca 4213 analog filter Ithaca, Ithaca, New York), the signals were then band-pass filtered between 50 Hz and 80 kHz. The upper limit was chosen to eliminate resonances resulting from the gap between the sensing diaphragm and the protective screen (Selig et al. 1989) . After further amplification at gains between 0.2 and 0.5, the signals were digitized at 500 kHz using a CAMAC (CAMAC is not a company; its an industry standard) based data acquisition system linked to a VAX (VAX computers are manufactored by Digital Equipment Corp. Nashua, New Hampshire) 11/750 computer. The analog-to-digital converter had 10 bit resolution over a range of _+ 5 volts. The data were obtained in files of four records, each record con-
